Introduction {#s001}
============

T[raumatic axonal injury]{.smallcaps} (TAI) is one of the most important types of pathology in traumatic brain injury (TBI)^[@B1],[@B2]^ and occurs when the head is exposed to acceleration-deceleration and rotational forces. The terminology has changed from shearing injury to diffuse axonal injury or diffuse TBI and is now increasingly called TAI also in patients. Clinical magnetic resonance imaging (MRI) shows indirect signs of TAI and has superior detection sensitivity compared with computed tomography (CT), where such lesions remain largely undetectable.^[@B3]^ TAI can be divided into three grades based on location of lesions in cerebral white matter on clinical MRI^[@B4]^: TAI in the hemispheres/cerebellum (grade 1), TAI in the corpus callosum (grade 2), and TAI in the brainstem (grade 3). This standard grading is assumed to reflect the severity of TAI.^[@B5]^

The classification of TAI is based on white matter lesions, but similar lesions can also be found in subcortical nuclei, such as the thalamus and the basal ganglia.^[@B6],[@B7]^ A recent study from our research group has shown that MRI lesion load in the thalamus was an important independent predictor of outcome, and that such lesions were consistently associated with TAI in the white matter.^[@B8]^ Hence, we suggest labeling these gray matter lesions TAI lesions.

An important step in the diagnosis, management, and prognostication of TBI in patients is to assess their state of consciousness, which is performed with the Glasgow Coma Scale (GCS) score.^[@B9]^ Consciousness is not fully understood, but arousal (i.e., eye opening) is considered to depend on functions in the brainstem and thalamus, while awareness (e.g., response to command and orientation to pain) is considered to depend on functional connections between the aforementioned structures, plus the basal ganglia and the cortex.^[@B10]^ The involved anatomical structures are located in both hemispheres and to the left and right side of the brainstem.

In patients with TBI, there are several possible reasons for a reduced level of consciousness and low GCS score at the scene or admission. First, increased intracranial pressure (ICP)---e.g., because of mass lesions---may reduce the GCS score. Second, TAI can reduce the GCS score as shown in moderate to severe TBI comparing patients with and without TAI lesions.^[@B1]^ Also, brainstem lesions (mostly TAI lesions) have been detected in almost half of the patients with severe TBI surviving the acute phase,^[@B13]^ suggesting importance for reduced consciousness. Finally, micro-hemorrhagic and nonhemorrhagic MRI lesions in the subcortical nuclei have been shown to be associated with decreased GCS scores in two small studies.^[@B14],[@B15]^ In addition, systemic factors such as intoxication, hypotension, and hypoxia may reduce the GCS score.

Several previous studies have investigated the relationship between the GCS score in the acute phase and different kinds of MRI findings in the more chronic phase.^[@B16]^ It has been shown recently, however, that MRI findings will attenuate during the first months.^[@B21]^ Hence, it is important to explore whether some specific MRI lesions in the early phase can explain reduced GCS scores in patients with modest CT findings. Such lesions could be MRI biomarkers of importance for clinicians in the acute phase and also be part of future, more comprehensive prognostic models. To our knowledge, no previous study has investigated how unilateral versus bilateral TAI lesions in the brainstem (TAI grade 3) and subcortical nuclei detected on MRI can influence consciousness in patients with TBI in the very acute phase.

Thus, the aim of this clinical MRI study is to investigate whether uni- and bilateral TAI lesions in the thalamus, basal ganglia, and brainstem are associated with the GCS score at the scene or admission in patients with moderate and severe TBI without major mass lesions.

Methods {#s002}
=======

Patients {#s003}
--------

Inclusion criteria were: Patients aged 7--70 years admitted to St. Olavs Hospital, Trondheim University Hospital, Norway, who according to the Head Injury Severity Scale^[@B22]^ were classified as moderate (GCS 9--13, or GCS 14--15 and loss of consciousness \>5 min \[two patients\]) and severe TBI (GCS ≤8, [Fig. 1](#f1){ref-type="fig"}). Only those who underwent early 1.5T MRI assessment using a standardized clinical research MRI protocol^[@B1]^ were included. From October 2004 to October 2013 a total of 396 patients (7--70 years old) with moderate and severe TBI were admitted, of which 222 patients underwent MRI within five weeks post-injury and were considered for inclusion in the present study.

![Flowchart of the 158 included patients. TBI, traumatic brain injury; MRI, magnetic resonance imaging; GCS, Glasgow Coma Scale.](fig-1){#f1}

Exclusion criteria were: (1) age younger than 7 years, to ensure reliable GCS scoring; (2) age older than 70 years because of the higher prevalence of nonspecific white matter lesions in the elderly population^[@B23]^; (3) evacuation of mass lesion (*n* = 49, Marshall CT score 5) or nonevacuated mass lesions \>25 mL (*n* = 5, Marshall CT score 6)---to reduce the influence of increased ICP on GCS scores; (4) 3T MRI examination (*n* = 5); or (5) missing GCS score (*n* = 5). This left 158 patients eligible for analyses. All patients were included prospectively in the Trondheim TBI Studies, and the methodology for the collection of demographic and injury-related variables is described in previous publications.^[@B1],[@B21]^

GCS score {#s004}
---------

For intubated patients, the pre-intubation GCS score was used, while for the other patients, the admission GCS score at Trondheim University Hospital was used. All GCS scores were collected in nonsedated patients. The GCS scores were collected at the scene of injury by anesthesiologists (*n* = 73), at the primary hospital by consultants/residents in general surgery (*n* = 18), or on admission at Trondheim University Hospital by consultants/residents in neurosurgery or neurology (*n* = 67). The GCS score at either the primary hospital or at the university hospital was assessed at median 60 min post-injury (interquartile range \[IQR\] 30--90, 7% after 5 h \[unknown time of injury *n* = 10, missing *n* = 4\]). If the GCS score of the patient rose significantly during the first few hours and stabilized, as a sign of alcohol intoxication, the highest GCS score was used (*n* = 5). The eye component of the GCS score was also registered (missing *n* = 8).

Other injury variables, blood alcohol concentration, and outcome {#s005}
----------------------------------------------------------------

Injury Severity Score (ISS) was estimated, and pupillary dilatation, secondary events such as pre-hospital or admission hypoxia and hypotension were registered. This was performed at any time point before or at admission---hence, not necessarily at the same time as the GCS score assessment. Because blood alcohol concentration (BAC) may influence the GCS score,^[@B24]^ BAC was analyzed and a cutoff value of \>100 mg/dL for intoxication was chosen in the comparison between included and nonincluded patients.^[@B25]^ A radiologist or resident in neurosurgery/radiology in collaboration with three neuroradiologists reviewed all the admission CT scans (first CT). Compressed or absent basal cisterns were described to evaluate signs of increased ICP and the Marshall- and Rotterdam CT scores were used.^[@B26],[@B27]^

A.M.F (radiologist) reviewed the first and worst CT scans for any uni- or bilateral lesions in the thalamus, brainstem, and basal ganglia for all patients with such TAI lesions on MRI. In addition, 10 patients without TAI lesions in these subcortical structures on MRI were both randomly chosen and added to the mix of images. Worst CT was defined as the CT scan (first CT or follow-up CT) that yielded the worst Marshall CT score. Marshall 5 and 6 were regarded equally as the worst score.

The radiologist was blinded to the MRI findings and their distribution among the patients as well as to all other information except for age and date of CT. Head injury-related global outcome was assessed 12 months post-injury by the Glasgow Outcome Scale Extended (GOSE).^[@B8],[@B28]^

MRI {#s006}
---

The MRI examinations were performed either at St. Olavs Hospital or at one of its referral hospitals. The 1.5 Tesla scanners (Siemens symphony or Siemens Avanto; Siemens Medical, Erlangen Germany) with a six-channel head coil were used. The previously described^[@B1]^ clinical TBI MRI protocol consisted of sagittal turbo spin echo (TSE) T2 imaging, sagittal, transverse T2\* weighted gradient echo imaging (GRE), coronal and transverse T2 fluid attenuated inversion recovery (FLAIR) imaging, and diffusion weighted imaging (DWI).

Image reading {#s007}
-------------

For 138 of the patients, K.G.M. (resident in radiology), K.A.K, J.R., and M.F, (all experienced consultant neuroradiologists) read the MRIs in accordance with pre-defined variables.^[@B21]^ All were blinded to patient identification, clinical information, and time of examination. For the last 20 patients J.X. (resident in radiology) characterized the image findings in collaboration with K.G.M, K.A.K., and M.F., using the same procedures. Interrater analysis for classification of TAI grade was performed in an earlier study (weighted Cohen κ 0,74, 95% CI 0.69--0.80).^[@B21]^

The TAI lesions were described according to their location---as lesions in hemispheric white matter, corpus callosum, thalamus, basal ganglia, and brainstem ([Fig. 2](#f2){ref-type="fig"}). Lesions in the thalamus, basal ganglia and brainstem were classified as uni- or bilateral. The presence of lesions in the different imaging sequences---i.e., T2\*GRE, FLAIR, and DWI---were recorded. Periventricular signal hyperintensities ("caps and bands") that were considered part of the normal aging were not registered as TAI,^[@B29]^ nor were other nonspecific white matter hyperintensities,^[@B23],[@B30]^ or traumatic lesions acquired during a surgical procedure (e.g., from insertion of intracranial pressure devices). Superficial lesions in the cortex were defined as contusions.

![Magnetic resonance imaging of patients with traumatic axonal injury (TAI) lesions: (**A**) T2\* gradient echo image showing multiple bilateral lesions in the thalamus (unbroken arrows) and basal ganglia (broken arrows). (**B**) Fluid attenuated inversion recovery image showing multiple TAI lesions (arrow shows TAI lesion in the right thalamus).](fig-2){#f2}

Statistical analyses {#s008}
--------------------

Patient- and injury characteristics are presented as percentages, mean and median with IQR (25th to 75th percentile). Mann Whitney *U* test was used for comparisons of medians between groups (GCS score and other variables without normal distribution). Spearman rho was used to assess correlation between the eye component of the GCS score and the total GCS score, and Fisher exact test was used for comparison of proportions. Cohen κ (ranging from 0 to 1, where 1 is perfect agreement) was used to assess the agreement between MR and CT findings in the thalamus, basal ganglia, and brainstem. Ordinal univariable regression analyses with inverted GCS score as the dependent variable were performed to assess its association with TAI lesions in different locations, where no visible lesion in the location in question was coded as the reference category. Rotterdam CT score was analyzed as a scalar variable.

We chose not to perform multivariable analyses because we consider this to be an explorative study. Adjustment for other injury variables in the acute phase may also be challenging when studying association to GCS score. Also, because TAI lesions in different locations are highly correlated, lesion locations were analyzed separately to avoid multicollinearity. All analyses were performed with the IBM Statistical Package for the Social Sciences (SPSS) Statistics V.21 or STATA/IC V.13.1. Threshold for significance was *p* \< 0.05, two-tailed.

Ethics {#s009}
------

The Regional Committee for Medical Research Ethics approved the study, and written consent was obtained from the patients or, when incapacitated, from their next of kin.

Results {#s010}
=======

Demographic- and injury-related variables in the consecutive TBI cohort {#s011}
-----------------------------------------------------------------------

Characteristics of the 158 patients included in this MRI study are shown in [Table 1](#T1){ref-type="table"}. Of the 238 nonincluded patients, 45% had Marshall score 5--6 (intracranial mass lesion). There were also several other differences between the included and nonincluded patients.

###### 

[Patient Characteristics, Injury-Related Variables, and Outcome in the Included and The Nonincluded Patients in the Consecutive Traumatic Brain Injury Cohort]{.smallcaps}

  *Variable*                                                                         *Included patients (*n* = 158)*   *Nonincluded patients (*n* = 238)*   p *value*
  ---------------------------------------------------------------------------------- --------------------------------- ------------------------------------ -------------
  Age (median, IQR)                                                                  26.7 (19.2--44.9)                 41.6 (23.8--56.0)                    **\<0.001**
  Sex (male/female, %)                                                               118/40 (75/25)                    187/51 (79/21)                       0.394
  Injury mechanism (%)                                                                                                                                       
    Vehicle accident                                                                 96 (61)                           88 (37)                              **\<0.001**
    Fall                                                                             42 (27)                           115 (48)                             **\<0.001**
    Other                                                                            19 (12)                           29 (12)                              1.0
    Unknown                                                                          1 (0.6)                           6 (3)                                0.251
  Severe TBI (%)                                                                     68 (43)                           141 (59)                             **0.001**
  GCS score (median, IQR)                                                            9 (6--12)                         7 (4--13)                            **0.040**
  Hypoxia (O~2~ sat \<92)^[a](#tf2){ref-type="table-fn"}^                            28 (18)                           52 (22)                              0.371
  Hypotension (systolic blood pressure \<90 mm Hg)^[a](#tf2){ref-type="table-fn"}^   19 (12)                           45 (19)                              0.071
  Pupil dilatation at admission (%)                                                                                                                          
     Unilateral dilatation                                                           12 (8)                            36 (15)                              **0.028**
     Bilateral dilatation                                                            2 (1)                             29 (12)                              **\<0.001**
  ISS (median, IQR)                                                                  25 (17--33)                       25 (17--33)                          0.842
  BAC ≥100 mg/dL (%)^[b](#tf3){ref-type="table-fn"}^                                 38 (30)                           77 (41)                              **0.044**
  Marshall CT score (%)                                                                                                                                      
  1--2                                                                               132 (84)                          95 (40)                              **\<0.001**
  3--4                                                                               25 (16)                           43 (18)                              0.498
  5--6                                                                               0 (0)                             89 (37)                              **\<0.001**
  Rotterdam CT score (mean, IQR)^[c](#tf4){ref-type="table-fn"}^                     2.6 (2--3)                        3.4 (2--4)                           **\<0.001**
  Mortality at 12 months (%)                                                         2 (1)                             58 (24)                              **\<0.001**
  GOSE score at 12 months (median, IQR)^[d](#tf5){ref-type="table-fn"}^              7 (5--8)                          6 (3--8)                             **\<0.001**

IQR, interquartile range; TBI, traumatic brain injury; GCS, Glasgow Coma Scale; ISS, Injury Severity Score; BAC, blood alcohol concentration; CT, computed tomography; GOSE, Glasgow Outcome Scale Extended.

Pre-hospitally or at admission.

126 of the included patients were tested for BAC (81%).

Mean is presented, because median Rotterdam CT score was 3 for both groups.

6-month GOSE score was used if the 12-month GOSE score was missing (*n* = 8). Seven patients died of a cause other than the TBI, three patients were not possible to assess, and 23 patients were either not planned to or lost to follow-up in the total cohort of 396 patients.

Occurrence of TAI lesions in different locations of the brain {#s012}
-------------------------------------------------------------

Clinical MRI was performed at median seven days (range 0--35), which was within two weeks for 77% of the 158 patients. Visible TAI lesions were depicted in 128 (82%) patients. There were 20% who had TAI lesions in the thalamus, 18% who had TAI lesions in the basal ganglia, and 29% who had TAI lesions in the brainstem (TAI grade 3, [Table 2](#T2){ref-type="table"}). Bilateral lesions were detected in the thalamus in 11 (7%) patients, in the basal ganglia in three (2%) patients, and in the brainstem in 15 (9%) patients. All of the patients with TAI lesions in the thalamus or basal ganglia had TAI lesions elsewhere in the brain. Patients who had MRI 0--7 days post-injury (*n* = 85) had higher GCS scores than those who had MRI later (*n* = 73, *p* = 0.002), but there was no difference in age, TAI grade, or the occurrence of bilateral lesions in the thalamus, basal ganglia, or brainstem (*p* 0.348-1).

###### 

[Patients with Traumatic Axonal Injury Lesions Stratified into Location and Magnetic Resonance Injury Sequence]{.smallcaps}

                             *Any MRI sequence (*n* = 158)*   *T2^[\*](#tf6){ref-type="table-fn"}^GRE MRI (*n* = 151)*   *FLAIR MRI (*n* = 158)*   *DWI MRI (*n* = 154)*
  -------------------------- -------------------------------- ---------------------------------------------------------- ------------------------- -----------------------
  Hemispheric white matter   125 (79)                         115 (76)                                                   92 (58)                   33 (21)
  Corpus callosum            84 (53)                          64 (42)                                                    71 (45)                   46 (30)
  Thalamus                   31 (20)                          23 (15)                                                    18 (13)                   10 (6)
  Basal ganglia              28 (18)                          25 (17)                                                    10 (6)                    4 (3)
  Brain stem                 46 (29)                          31 (21)                                                    30 (19)                   17 (11)

TAI, traumatic axonal injury; MRI, magnetic resonance imaging; T2^\*^GRE, T2 weighted gradient echo imaging; FLAIR, fluid attenuated inversion recovery imaging; DWI, diffusion weighted imaging. Seven and four patients lacked the T2^\*^GRE and DWI sequences, respectively.

Only one of the 11 (9%) patients with bilateral TAI in the thalamus on MRI had bilateral thalamic findings on the CT scan ([Table 3](#T3){ref-type="table"}). None of the 15 (0%) patients with bilateral TAI in the brainstem on MRI had bilateral brainstem findings on the CT scan. First and worst CT scans yielded the same results in all patients, except in one patient who had a unilateral lesion in the thalamus only on first CT and one patient with a unilateral brainstem lesion only on worst CT.

###### 

[Computed Tomography Findings in the 63 Patients with Traumatic Axonal Injury Lesions in the Thalamus, Basal Ganglia, and/or Brainstem on Magnetic Resonance Imaging]{.smallcaps}

                  *MRI*   *CT^[a](#tf8){ref-type="table-fn"}^*                                                      
  --------------- ------- -------------------------------------- ---- ---- ---- ----------------------------------- ------
  Thalamus        32      20                                     11   57   5    1                                   0.10
  Basal ganglia   35      25                                     3    51   10   2^[b](#tf9){ref-type="table-fn"}^   0.25
  Brainstem       17      31                                     15   60   3    0                                   0.01

MRI, magnetic resonance imaging; CT, computed tomography.

The 10 randomly added patients without MRI findings in subcortical structures also were all without such lesions on CT and are not presented in the table.

Lesions in the basal ganglia on CT scan could not be identified as TAI lesions on MRI in two patients. One patient had uncertain findings on CT; the second also had a unilateral hemorrhage \>10 mm.

GCS score in relation to presence of uni- and bilateral TAI lesions {#s013}
-------------------------------------------------------------------

We found lower GCS scores in patients with bilateral lesions in the thalamus (median 4, IQR 3--4) and brainstem (median 5, IQR 3--7) than in those with unilateral lesions in these locations (median 6, IQR 5--10, *p* = 0.002 and median 8, IQR 5--10, *p* = 0.022, respectively, [Fig. 3A, 3C](#f3){ref-type="fig"}). Patients with bilateral TAI in the thalamus also had worse outcome---i.e., lower GOSE scores (median 3, IQR 3--4.3) than patients with unilateral TAI in the thalamus (median 6, IQR 3--8, *p* = 0.009).

![The Glasgow coma Scale (GCS) score and the relation to uni-and bilateral traumatic axonal injury (TAI) lesions (any magnetic resonance imaging sequence) in the (**A**) thalamus, (**B**) basal ganglia, and (**C**) brainstem. \**p* = 0.01--0.05, \*\**p* \< 0.01.](fig-3){#f3}

Patients with unilateral lesions in the thalamus, basal ganglia (median 7, IQR 4.5--11), or brainstem also had lower GCS scores than patients without corresponding lesions (median 10 \[IQR 7--12\], median 10 \[IQR 7--12\] and median 11 \[IQR 7--13\], respectively; *p* = 0.005--0.011, [Fig. 3](#f3){ref-type="fig"}). Several of the patients with unilateral TAI lesions in deeper parts of the brain had GCS scores \>8: 40% of the 20 patients with unilateral TAI in the thalamus, 36% of the 25 patients with unilateral TAI in basal ganglia, and 48% of the 31 patients with unilateral TAI in the brainstem. Of the patients with GCS score 13 (*n* = 30), 30% had unilateral lesions in the thalamus, basal ganglia, and/or brainstem. There was no difference in the GCS score between patients with (*n* = 110) and those without contusions (*n* = 48) on MRI (*p* = 0.365).

The eye component of the GCS score had a very strong correlation with the total GCS score (Spearman rho = 0.877, *p* \< 0.001). Of the 22 patients who had bilateral TAI lesions in the thalamus, basal ganglia, and/or brainstem, only three (14%) patients had any form of eye opening (all three had bilateral brainstem lesions).

Multiplicity of bilateral TAI lesions in deep brain structures and GCS scores {#s014}
-----------------------------------------------------------------------------

Four patients had bilateral lesions in both the thalamus and brainstem, with a median GCS score of 3 (IQR 3--6, [Fig. 4](#f4){ref-type="fig"}). Patients with bilateral TAI only in the thalamus had a median GCS score of 4 (IQR 3--4, *n* = 7), while patients with bilateral TAI only in the brainstem had a median GCS score of 6 (IQR 3--10, *n* = 11, *p* = 0.093).

![Multiplicity of bilateral traumatic axonal injury (TAI) lesions in the thalamus and brainstem and relation to Glasgow Coma Scale (GCS) score. The figure separates out the four patients with bilateral lesions in both thalamus and brainstem. ♦ Median GCS score.](fig-4){#f4}

GCS score in relation to location of uni- and bilateral TAI lesions by MRI sequence {#s015}
-----------------------------------------------------------------------------------

Patients with bilateral thalamic lesions had lower median GCS scores than those with unilateral lesions for both T2\*GRE (median 4 vs. 6.5, *p* = 0.038) and FLAIR (median 3 vs. 6, *p* = 0.005, [Table 4](#T4){ref-type="table"}). Patients with bilateral brainstem lesions detected by T2\*GRE sequence had lower median GCS scores than patients with unilateral brainstem lesions (median 4.5 vs. 9, *p* = 0.008), but no such difference was found for patients with bilateral brainstem lesions detected by FLAIR (median 5 vs. 7.5, *p* = 0.126).

###### 

[Glasgow Coma Scale Scores and Location of Uni--And Bilateral Traumatic Axonal Injury Lesions in Different Magnetic Resonance Imaging Sequences]{.smallcaps}

                                                   *Patients without TAI lesions*   *Patients with unilateral TAI lesions*        *Patients with bilateral TAI lesions*                                     
  ------------------------------------------------ -------------------------------- ---------------------------------------- ---- --------------------------------------- ------------- ---- -------------- -----------
  Thalamus                                                                                                                                                                                                   
   -- T2^\*^GRE                                    127                              10 (7--12)                               18   6.5 (3.8--10)                           **0.006**     5    4 (3--4)       **0.038**
   -- FLAIR                                        138                              10 (7--12)                               11   6 (5--10)                               0.084         9    3 (3--4)       **0.005**
   -- DWI                                          144                              9.5 (7--12)                              9    6 (3.5--9.5)                            **0.040**     1    3 (3--3)       0.210
  Basal ganglia                                                                                                                                                                                              
   -- T2^\*^GRE^[c](#tf13){ref-type="table-fn"}^   126                              10 (7--12)                               22   7 (5--11)                               **0.044**     3    4 (3--4)       0.084
   -- FLAIR                                        148                              10 (7--12)                               10   5 (3--6.5)                              **\<0.001**   0    N.A.           N/A
   -- DWI                                          150                              9 (7--12)                                4    6 (3.8--9.8)                            0.124         0    N.A.           N/A
  Brainstem                                                                                                                                                                                                  
   -- T2^\*^GRE                                    119                              10 (7--13)                               21   9 (5.5--10.5)                           0.064         10   4.5 (3--6.3)   **0.008**
   -- FLAIR                                        128                              10 (7--12)                               20   7.5 (4.3--10)                           **0.025**     10   5 (3--8)       0.162
   -- DWI                                          137                              10 (7--12)                               14   6 (4--8.3)                              **\<0.001**   3    3 (3--3)       0.126

MRI, magnetic resonance imaging; TAI, traumatic axonal injury; GCS, Glasgow Coma Scale; IQR, interquartile range; T2^\*^GRE, T2 weighted gradient echo imaging; FLAIR, fluid attenuated inversion recovery imaging; DWI, diffusion weighted imaging;

Median GCS score in patients with unilateral TAI lesions compared with patients without TAI lesions.

Median GCS score in patients with bilateral TAI lesions compared with patients with unilateral TAI lesions.

In one patient, T2^\*^GRE image quality was too poor to conclude on TAI any other place than in the basal ganglia.

Patients with unilateral lesions in thalamus, basal ganglia, or brainstem had lower GCS scores than patients without such lesions in most imaging sequences ([Table 4](#T4){ref-type="table"}). Lesions in the thalamus, basal ganglia, or brainstem were detected more seldom by DWI than with T2\*GRE (Fischer exact: *p* = 0.001--0.028, [Table 2](#T2){ref-type="table"}).

Univariable analyses of GCS score {#s016}
---------------------------------

The highest OR for having a lower GCS score was found for bilateral lesions in the thalamus (OR 35.8), followed by bilateral lesions in the basal ganglia (OR 13.1) and brainstem (OR 11.4, [Table 5](#T5){ref-type="table"}). The BAC or compression of basal cisterns was not associated with lower GCS scores.

###### 

[Univariable Analyses: Glasgow Coma Scale score^[\*](#tf15){ref-type="table-fn"}^ and Association to Magnetic Resonance Imaging and Computed Tomography Findings and Some Other Clinical Variables]{.smallcaps}

  *Variable*                                                                *Location*                                                             *OR (95% CI)*       p *value*
  ------------------------------------------------------------------------- ---------------------------------------------------------------------- ------------------- -----------
  MRI findings (any sequence)                                               Thalamus                                                                                    
  \- Bilateral                                                              35.8 (10.5--121.8)                                                     **\<0.001**         
  \- Unilateral                                                             3.9 (1.6--9.5)                                                         **0.003**           
  Basal ganglia                                                                                                                                                        
  \- Bilateral                                                              13.1 (2.0--88.2)                                                       **0.008**           
  \- Unilateral                                                             2.8 (1.3--6.1)                                                         **0.008**           
  Brainstem (TAI grade 3)^[a](#tf16){ref-type="table-fn"}^                                                                                                             
  \- Bilateral                                                              11.4 (4.0--32.2)                                                       **\<0.001**         
  \- Unilateral                                                             2.7 (1.3--5.4)                                                         **0.005**           
  Corpus callosum (TAI grade 2)^[a](#tf16){ref-type="table-fn"}^            4.9 (2.1--11.5)                                                        **\<0.001**         
  Hemispheric white matter (TAI grade 1)^[a](#tf16){ref-type="table-fn"}^   1.4 (0.6--3.2)                                                         0.446               
  CT findings                                                               Compressed or absent basal cisterns^[b](#tf17){ref-type="table-fn"}^   1.7 (0.8--3.6)      0.190
  Rotterdam CT score                                                        1.8 (1.3--2.6)                                                         **0.001**           
  Other                                                                     BAC (mmol/L)^[c](#tf18){ref-type="table-fn"}^                          1.01 (0.99--1.02)   0.288
  Injury Severity Score                                                     1.11 (1.08--1.14)                                                      **\<0.001**         

OR, odds ratio; CI, confidence interval; MRI, magnetic resonance imaging; TAI, traumatic axonal injury; CT, computed tomography; BAC, blood alcohol concentration.

Glasgow Coma Scale score is inverted for these analyses.

Irrespective of TAI lesions in thalamus or basal ganglia.

19 patients had compressed basal cisterns, four patients had absent basal cisterns.

126 of the patients were tested for blood alcohol content at admission.

Discussion {#s017}
==========

This prospective clinical MRI study of moderate and severe patients with TBI without mass lesions demonstrated that patients with TAI lesions bilaterally in the thalamus, basal ganglia, or brainstem had particularly low consciousness at scene or admission. Indeed, none of these patients had eye opening, except three patients with bilateral TAI in the brainstem. Lesions in these locations were seldom detected on CT scans. Further, patients with unilateral lesions in the thalamus and brainstem had higher median GCS scores than those with the corresponding bilateral lesions. Finally, patients with unilateral lesions in the thalamus, basal ganglia, and/or brainstem had lower GCS scores than those without such lesions. The results of this study underscore the importance of detection of TAI lesions in subcortical nuclei and brainstem with early MRI for understanding low GCS scores in patients with modest intracranial findings on CT.

GCS score in relation to location of uni- and bilateral TAI lesions {#s018}
-------------------------------------------------------------------

The finding that bilateral TAI lesions in the thalamus, basal ganglia, or brainstem were associated with particularly reduced GCS scores is in accordance with the importance of the ascending reticular activating system (ARAS) and the thalamus for consciousness. Consciousness can be divided into wakefulness and awareness of self and of external stimuli^[@B31]^---i.e., awareness cannot exist without wakefulness. Animal studies suggest that multiple brain structures are important for wakefulness, including cholinergic nuclei in the brainstem and basal forebrain, monoaminergic pathways in the brainstem and the posterior hypothalamus.^[@B32]^ Some of these pathways are modulated by the thalamus in close conjunction with the brainstem ARAS,^[@B33]^ while others pass directly from the ARAS and to the cerebral cortex or via the basal forebrain or basal ganglia.^[@B34],[@B35]^

Our findings that patients with lesions in the thalamus and basal ganglia had decreased GCS scores are in accordance with the MRI study of Gerber and associates^[@B15]^ (T2 SE and T2\*GRE within eight weeks post-injury) of 43 patients, demonstrating that lower GCS scores were associated with the number of both micro-hemorrhagic and other types of lesions in subcortical gray matter. In another clinical MRI study (T2 SE, T2\*GRE, FLAIR and DWI within 48 h post-injury) of 26 patients, Schaefer and colleagues^[@B14]^ reported a weak correlation between lesions defined as any signal intensity-abnormality in basal ganglia and/or thalamus and GCS score. Neither of these small studies, however, differentiated between uni- and bilateral lesions, and they could not demonstrate any association between brainstem TAI and GCS scores.

On the other hand, a TBI study of pigs^[@B36]^ demonstrated association between TAI in the brainstem and lowered consciousness 8 h after trauma. No such association for the overall load of TAI was shown. Moreover, a study by Firsching and coworkers^[@B37]^ showed that duration of coma was longer in patients with any type of bilateral brainstem lesions than in patients with unilateral brainstem or supratentorial lesions.

The current study found that bilateral lesions in the thalamus were far more indicative of a low GCS score than any other MRI finding. This could imply that the thalamus is more central to arousal than the brainstem, and/or that bilateral damage here only occurs in conjunction with widespread lesions elsewhere in the brain. The study also showed, however, that patients with bilateral TAI lesions in the thalamus tended to have low GCS scores regardless of whether or not they had bilateral TAI lesions in the brainstem. The intralaminar nuclei of the thalamus receive multiple converging projections of the ARAS, which are diffusely projected to the cortex.^[@B34]^ Indeed, there are only two locations in the brain where very small bilateral lesions are known to affect consciousness: the mesencephalic reticular formation and the intralaminar thalamic nuclei.^[@B38]^

Other parts of the thalamus may also be important for consciousness,^[@B39]^ because the thalamus has reciprocal connection to nearly every part of the brain.^[@B38]^ A clinical example is the loss of consciousness in bilateral paramedian thalamic stroke,^[@B40]^ and the recent findings that the thalamus is a critical and common site of action for anesthetic drugs.^[@B41]^ Also, in patients with TBI in the vegetative state/unresponsive wakefulness syndrome, both extensive TAI and thalamic injury are reported.^[@B42]^ Therefore, including TAI lesions in the subcortical nuclei in the definition and classification of TAI would be critical to better understand GCS scores.

This study also demonstrated that patients with TAI lesions in the basal ganglia had lower GCS scores than patients without such lesions. A recent study reported that clinical measures of awareness and wakefulness after trauma were associated with atrophy in both the thalamus and basal ganglia. Further, the arousal component of these measures was associated with atrophy in the bilateral putamen and globus pallidus.^[@B43]^ Because the current study had few patients with lesions in the basal ganglia, it is too small to address properly the question of how bilateral lesions in the basal ganglia affect consciousness, but the results suggest that lesions in the basal ganglia were associated with decreased GCS scores.

Interestingly, this study found that a large proportion (36--48%) of patients with unilateral lesions in the thalamus, basal ganglia, and/or brainstem had GCS scores \>8. Among patients with a GCS score of 13, almost one third had either unilateral TAI in the thalamus, basal ganglia, and/or brainstem. The neuroanatomic correlates of consciousness are distributed on both sides of the midline, and the brain has both intra- and interhemispheric connectivity. Hence, some redundancy of signaling pathways is provided. This might explain why the patients with only unilateral visible damage to these structures had higher GCS scores, and why patients with bilateral lesions in deep gray matter had such low levels of consciousness. It is also in line with our finding of worse outcome in patients with bilateral thalamic TAI compared with those with only unilateral thalamic lesions.

Lesions in the thalamus and, to even a greater degree, those in the brainstem were seldom detected on CT. In contrast, lesions in the basal ganglia were visible on CT in a somewhat higher percentage of patients. A previous CT study has also demonstrated findings of TAI in the basal ganglia and brainstem in a very low percentage of patients with TBI.^[@B44]^ We believe, however, that our comparison of uni- and bilateral MRI and CT findings in these subcortical nuclei in a considerable number of patients also is a novel finding.

GCS score in relation to location of TAI lesions by MRI sequence {#s019}
----------------------------------------------------------------

For patients with thalamic lesions, both bilateral T2\*GRE and FLAIR lesions were more indicative of a lower GCS score than the corresponding unilateral lesions. Patients with bilateral brainstem T2\*GRE lesions had lower GCS scores compared with those with unilateral lesions, while this was less evident for FLAIR lesions. The results can also be explained, however, by lack of power because of small groups in the bilateral lesion category.

Hypointense foci depicted on T2\*GRE-imaging represent magnetic susceptibility effects from breakdown products of hemoglobin and indicate micro-hemorrhagic TAI lesions.^[@B45]^ The FLAIR sequence and DWI sequence, however, show nonhemorrhagic TAI lesions, which may represent both vasogenic and cytotoxic edema in the acute stage of TBI.^[@B46]^ Hence, there may be different pathophysiological processes involved in the occurrence of micro-hemorrhages and edema. Although diffusion tensor imaging is assumed to better reflect the axonal injury, regions of interest within visible TAI lesions on early clinical MRI have also been found to demonstrate low fractional anisotropy values in the chronic phase compared with regions without such lesions.^[@B47]^

Regression analyses of GCS scores {#s020}
---------------------------------

The univariable ordinal regression analyses showed that patients with bilateral lesions in the thalamus, basal ganglia, and brainstem had the highest ORs for decreased GCS scores. Lower ORs were found in descending order in patients with TAI in the corpus callosum (TAI grade 2), unilateral lesions in the thalamus, basal ganglia, and brainstem, and finally in patients with TAI lesions in hemispheric white matter (TAI grade 1).

The BAC, in contrast to our previous study,^[@B24]^ had no effect on the GCS score. This might be because of some selection to this MRI study resulting in fewer patients with high BAC in the included group. Further, compressed or absent basal cisterns, which could reflect increased ICP also in some patients without mass lesions, were not associated with the GCS score. This lack of association probably can be explained by the fact that few patients had compressed cisterns and very few had absent basal cisterns in our cohort.

The standard TAI grading does not differ between unilateral and bilateral lesions in the brainstem and does not include TAI lesions in the thalamus or basal ganglia.^[@B4]^ Recent findings also suggests that TAI grade 3, the worst degree of TAI, does not necessarily imply a bad prognosis.^[@B48]^ A modified TAI grading with lesions in the substantia nigra and the mesencephalic tegmentum as a separate grade has recently been proposed.^[@B49]^ The current study, however, provides novel information suggesting that the TAI grading can be refined and improved by including lesions in deep gray matter nuclei, as well as the presence of uni- and bilateral TAI lesions in deeper parts of the brain. This would provide an opportunity to better understand the severity of TBI in the acute phase.

Strengths and limitations {#s021}
-------------------------

Both the prospective data collection with an overview of the entire consecutive cohort and the size of the MRI cohort are strengths of this study. Further, the image reading was conducted blinded for clinical information and the interrater agreement was found to be good to excellent in an earlier study.^[@B21]^ The exclusion of patients with intracranial mass lesions removed a possible confounder for lowered consciousness.

There are limitations to this study. First, although more than three fourths had MRI within two weeks, the time between injury and MRI varied across the patients. This may influence the results of DWI analyses and, to some degree, the FLAIR analyses. On the other hand, T2\*GRE lesions have been shown to persists after three months.^[@B21]^ It is also worth noting that performing very early MRI on these patients is challenging, and including only patients with MRI in the very acute phase would increase the selection bias substantially. Despite the somewhat later MRI, the current results still demonstrated that these clinical MRI biomarkers of TAI during the first weeks were associated with GCS scores before intubation or at admission. We also found that patients with high GCS scores were examined with MRI earlier than those with low GCS scores. Hence, it is less likely that bilateral lesions were missed in this group consisting of more moderate patients with TBI.

Second, an even larger study population would have been preferable, because the number of patients with bilateral TAI in subcortical gray matter was quite small. Third, further analyses of combining lesion load in the different sequences could have more clearly pointed out whether bilaterality in itself could explain lower GCS scores. Fourth, 1.5 Tesla MRI scanners have reduced sensitivity for lesion detection compared with 3 Tesla scanners.^[@B50]^ The 1.5 Tesla, however, is the most commonly used in the clinic. Also, susceptibility weighted imaging (SWI) has been found to be more sensitive to detect micro-hemorrhagic lesions after TBI than T2\*GRE.^[@B49]^ In the study of Geurts and colleagues^[@B16]^ using 3T at median seven weeks, they counted more than twice the number of punctate lesions (assumed to be TAI lesions) in subcortical gray matter or brainstem by using SWI compared with T2\*GRE. This might imply that a revised cutoff value (e.g., \>1--2 lesions per location) needs to be considered if using 3T SWI as a TAI biomarker in a new grading. Further, SWI sequences have limitations; for instance, the number of SWI lesions detected may vary between scanner vendors as the "blooming" effect can differ.

Conclusion {#s022}
==========

This Trondheim TBI study demonstrated that in patients with TBI without mass lesions, bilateral TAI lesions in the thalamus were associated with the lowest level of consciousness in the very acute phase. Next came patients with bilateral TAI lesions in the basal ganglia and/or brainstem. Further, patients without any lesions in these locations had higher GCS scores than those with unilateral lesions. Unilateral TAI lesions on MRI, however, were still found in almost one third of patients with a GCS score of 13. In addition, the study demonstrated that TAI biomarkers in the thalamus and brainstem very seldom were detected on CT.

A future TAI-MRI grading also including such subcortical bilateral lesions as a separate and worst grade could provide clinicians with important information in the acute phase of moderate and severe TBI. A possible new TAI grading should be evaluated further in larger study samples by advanced statistical models for its value in prediction of outcome, followed by validation in large-scale multicenter studies like the ongoing CENTER-TBI study.
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